The effect of grain size on the oxygen intake/release kinetics were investigated for double-perovskite type BaYMn 2 O 5+¤ (¤ = 0.0 1.0). The preparation of BaYMn 2 O 5+¤ with larger specific surface area was achieved by low-temperature firing (down to 900°C) of precursors obtained from a wet-chemical route. The oxygen intake/release rates at 500°C were found to increase significantly in the resultant BaYMn 2 O 5+¤ fine powders, indicating a key role of the powder surface in the oxygen intake/release processes.
Introduction
Non-stoichiometric oxides which store/release oxygen reversibly at moderate temperatures are called "oxygen-storage materials (=OSMs)". OSMs have attracted increased interest for their wide applicability to oxygen-related technologies, contributing to energy generations and environmental protection. 1) 6) The CeO 2 ZrO 2 solid solution, the so-called CZ, is the best known OSM that has been practically used as a three-way catalyst for the effective removal of NO x , CO, and hydrocarbons from automobile exhausts. 1) Meanwhile, a new class of OSMs is highly desirable to realize various high-temperature applications such as oxygen separation and oxidizing agents.
As promising high-performance OSMs, transition-metal oxides are worthy of attention, because of variable valence states of constituent transition metals. Recently, we found that the manganese oxide BaYMn 2 O 5+¤ shows remarkable oxygen intake/release capability at temperatures below 500°C, making this compound a strong candidate for the use in oxygen-storage applications. 6) This oxide is categorized as an A-site ordered double-perovskite which contains an arrangement of smaller yttrium and larger barium ions in separate layers at the perovskite A-site.
6), 7) The oxygen site within the yttrium plane is readily filled/unfilled in response to the variations in temperature and/or surrounding atmosphere, leading to large oxygen nonstoichiometry ranging from ¤ = 0.0 to 1.0. 8),9) Note that the oxygen-storage capacity (OSC; the amount of mobile oxygen stored in the crystal lattice) of BaYMn 2 O 5+¤ reaches 3.85 wt %, being much higher than the theoretically expected value for CZ, 2.8 wt %.
BaYMn 2 O 5+¤ was originally synthesized in 1996, 7) and has been investigated mainly from the viewpoint of solid-state physics. 10) In the previous studies, the samples were prepared by solid-state reaction routes at temperatures above 1100°C. Such high-temperature procedures inevitably resulted in a significant grain growth. Keeping in mind that oxygen intake/release processes involve redox reactions at the powder surface and oxygen diffusion in crystallites, the control of surface area should be of particular importance. Nevertheless, no efforts were made to reduce the grain size of the BaYMn 2 O 5+¤ powder, since the oxygen storage capability of BaYMn 2 O 5+¤ had never been discussed prior to our study.
In this contribution, the oxygen intake/release kinetics of BaYMn 2 O 5+¤ fine powders is demonstrated. The preparation of BaYMn 2 O 5+¤ powders with smaller grains was achieved by lowtemperature firing (down to 900°C) of precursors obtained from a wet-chemical route. The oxygen intake/release rates were found to increase significantly as the specific surface area of the sample increases, indicating a key role of the powder surface in the oxygen intake/release processes. 11) The EDTA complex solution was dried and combusted into a porous solid residue. This solid was ground, pelletized, and then fired at 800, 900, and 1000°C in flowing N 2 gas for 12 h. Hereafter, these samples are called "EDTA-800", "EDTA-900", and "EDTA-1000". A reference sample of BaYMn 2 O 5+¤ was also synthesized via a solid-state reaction route at 1100°C utilizing the oxygen-pressure-controlled encapsulation technique (named "SSR-1100"). Details in the solid-state reaction synthesis of BaYMn 2 O 5+¤ have been described elsewhere. 6), 9) Phase purity and lattice parameters were checked for the resultant products by means of X-ray powder diffraction (XRD; Rigaku Ultima IV; Cu K¡ radiation). The grain morphology was observed with a scanning electron microscope (SEM; JEOL JSM-6300F). The BrunauerEmmettTeller (BET) specific surface area of the samples was determined from N 2 adsorp-tion isotherms measured at 77 K (Quantachrome Instruments Autosorb 6AG). The oxygen intake/release characteristics of the samples were investigated by means of thermogravimetry (TG; Rigaku TG8120GH). Approximately 20 mg of the sample powders were heated at 500°C, while isothermal TG data were measured upon switching the atmosphere between 5% H 2 /95% Ar gas mixture and O 2 .
Experimental

Results and discussion
It has been indicated that the control of oxygen partial pressure is indispensable to obtain BaYMn 2 O 5+¤ . This oxide was found to be formed only in strongly reductive conditions, 7)9) suggesting the difficulty in phase formation at low temperatures. In the present work, lowering of the synthesis temperature was achieved using precursors prepared by the EDTA complex polymerization route. Figure 1 shows XRD patterns for the as-synthesized products of EDTA-800, EDTA-900, EDTA-1000, and SSR-1100 (reference). The EDTA-900 and EDTA-1000 products contain double-perovskite type BaYMn 2 O 5+¤ as a main phase. Most of the diffraction peaks are readily indexed on the basis of the tetragonal P4/nmm space group. The lattice parameters were calculated to be a µ 0.554 nm and c µ 0.766 nm, in good agreement with those of BaYMn 2 O 5 (i.e., ¤ = 0) in the literature. 8 Meanwhile, TG analysis of the precursor revealed a significant weight loss (³40 wt %) upon heating in flowing N 2 , which is attributed to combustion (oxidation) of organic residues in the precursor. Such a combustion reaction of the residues may induce a reductive atmosphere in local environment, and thereby stabilize the BaYMn 2 O 5 phase during the heat treatment.
In Fig. 2 , typical SEM images of EDTA-900, EDTA-1000, and SSR-1100 are presented. The SSR-1100 product contains large grains of several micrometers, indicating a significant grain growth in this product. On the other hand, the grain morphology is apparently different in EDTA-900 and EDTA-1000. These products consist of porous agglomerates of fine primary particles. The size of the primary particles, ³0.2 and ³1¯m for EDTA-900 and EDTA-1000, respectively, is much smaller than that for SSR-1100. Obviously, lowering of the synthesis temperature effectively suppresses the grain growth. The presence of organic residues in the precursor may contribute to the formation of porous microstructure in the EDTA-route products. The specific surface area (s) of the products is summarized in Table 1 . As expected from the SEM observation, the s values are accordingly enhanced as the synthesis temperature is lowered.
To investigate the effect of powder morphology on the oxygen intake/release kinetics, isothermal TG curves were measured at 500°C upon switching the atmosphere between 5% H 2 /95% Intensity (a.u.) Ar and O 2 . For all of the EDTA-900, EDTA-1000, and SSR-1100 samples, remarkable oxygen intake/release phenomena were observed in response to the gas switching. The magnitude of weight gain/loss (=OSC) was approximately 3.7 wt %, being comparable to the ideal OSC value (3.85 wt %). In Fig. 3 , the normalized weight variation ¦w/¦w max , where ¦w max is the maximum weight variation upon oxygen intake, is plotted as a function of time. While the oxygen intake process is always fast and completed only within 20 s in all the samples, the response of oxygen release significantly depends on the synthesis condition. In fact, as the specific surface area of the sample increases, the time required for complete oxygen release is effectively ). From the TG data, the oxygen intake/ release rates, r intake and r release , are estimated and plotted as a function of the specific surface area (s) in Fig. 4 . The r intake and r release values are defined as slopes of the ¦w/¦w max vs. time plot at 50% of the maximum weight variation. The r intake value is an order of magnitude larger than that of r release , and accordingly enhanced as the s value increases. The influence of powder surface area is more remarkable for the oxygen release process: r release is indeed proportional to the s value of the sample, leading to the drastically enhanced oxygen intake/release kinetics in the BaYMn 2 O 5+¤ fine powders.
The thermal durability of the resultant BaYMn 2 O 5+¤ fine powder was tested by repeating oxygen intake/release processes: the EDTA-900 sample was heated at 500°C while the gas flow was switched every 10 min from O 2 and 5% H 2 /95% Ar and vice versa. As evidenced in Fig. 5 , the XRD pattern for the sample after 100 cycles is essentially identical to that for the assynthesized product, demonstrating a perfect cyclic durability of our BaYMn 2 O 5+¤ fine powder.
It can be assumed that the oxygen intake/release processes of BaYMn 2 O 5+¤ proceed with the following three steps: (1) adsorptions of reactant gas molecules (O 2 for oxygen intake; H 2 for oxygen release), (2) ions. Taking into account the experimental fact that the magnitude of r intake is much larger than that of r release , the bulk diffusion rate is likely to be fast enough at 500°C, since both the oxygen intake/release processes involve bulk diffusions. The strong correlation between the oxygen release kinetics and powder surface area (see the lower panel of Fig. 4) clearly indicates dominant roles of the surface reactions in the overall reaction rate. Meanwhile, the large r intake value may be related to The measurements were carried out at 500°C while the gas flow was switched from 5% H 2 /95% Ar to O 2 , and then to 5% H 2 /95% Ar. The data of SSR-1100, EDTA-1000, and EDTA-900 are shown with dotted (orange), broken (blue), and solid (red) curves, respectively. a high formation rate of O 2¹ ions at the powder surface, implying a significant electron-donating ability of this oxide.
With the present experimental condition, detailed analysis on the oxygen intake/release kinetics may not be possible due to instantaneous evolutions of large exothermic/endothermic heats upon oxygen intake/release. Additional TG experiments involving moderate reaction rates at lower temperatures are necessary for deeper understanding of the oxygen intake/release mechanism of BaYMn 2 O 5+¤ .
Conclusions
The enhanced oxygen intake/release kinetics of BaYMn 2 O 5+¤ fine powders was demonstrated. The preparation of BaYMn 2 O 5+¤ with larger specific surface area (s) was achieved by lowtemperature firing (down to 900°C) of precursors obtained from a wet-chemical route with EDTA as a complex agent. While the oxygen intake process at 500°C was always fast and completed only within 20 s, the time required for complete oxygen release was effectively shortened from 40 to 5 min, as the s value of the sample was increased from 0.5 to 3.0 m 2 g ¹1 . The present work clearly indicates the importance of grain size control of BaYMn 2 O 5+¤ powders. We note that s = 3.0 m 2 g ¹1 of our product is still smaller than s > 50 m 2 g ¹1 reported for CZ, the conventional OSM in three-way catalysts. 1) Further efforts are thus necessary to fabricate BaYMn 2 O 5+¤ powders with smaller grains for enhancing oxygen intake/release characteristics.
